During wound healing, release of ATP from platelets potentially exposes the epidermis to concentrations of ATP known to alter cellular functions mediated via changes in inositol trisphosphate (IP3) and intracellular calcium (Cai) levels. Therefore, we determined whether keratinocytes respond to ATP with a rise in Cai and IP3 and whether such increases are accompanied by a change in their proliferation and differentiation. Changes in Cai were measured in Indo-l-loaded neonatal human foreskin keratinocytes after stimulation with extracellular ATP. Extracellular ATP evoked a transient and acute increase in Cai of keratinocytes both in the presence and in the absence of extracellular calcium. ATP also induced the phosphoinositide turnover of keratinocytes, consistent with its effect in releasing calcium from intracellular sources. ATP did not permeabilize keratinocytes, nor did it promote Ca influx into the cells. The half-maximal effect of ATP was at 10 MM, and saturation was observed at 30-100 ,M. UTPP, ITP, and ATP-yS were as effective as ATP in releasing Cai from intracellular stores and competed with ATP for their response, whereas AMP and adenosine were ineffective, suggesting the specificity of P2 purinergic receptors in mediating the ATP response in keratinocytes. Single cell measurements revealed heterogeneity in the calcium response to ATP. This heterogeneity did not appear to be due to differences in the initial Cai response but to subsequent removal of increased Cai by these cells. ATP inhibited terminal differentiation of keratinocytes as measured by I35Slmethionine incorporation into cornified envelopes and modestly stimulated incorporation of r3Hlthymidine into DNA.
Introduction
Extracellular ATP at low micromolar concentrations influences many biological processes (1) including platelet aggregation (2) , vascular tone (3, 4) , neurotransmission (5, 6) and mus- cle contraction (7) . Plasma concentrations of ATP can achieve the micromolar range under certain conditions such as secretion from platelets (8, 9) , purinergic nerves (10) , and adrenal medulla (1 1). The extracellular ATP interacts with a subclass of purinergic receptors (P2 purinergic receptors) on the cell surface which are specific for ATP (12) (13) (14) (15) . Recent studies have indicated that extracellular ATP activates P2 purinergic receptor-operated calcium channels in arterial smooth muscle cells increasing intracellular free calcium levels (Cai)1 (16) . Similar effects ofATP on Cai have been shown in adipocytes (17) , liver epithelial cells (18) , A431 epidermoid carcinoma cells (19) , HL-60 cells (20) , and canine keratinocytes (21) . In HL-60 cells ATP increases Cai via the production of inositol trisphosphate (20) . ATP acts synergistically with other growth factors such as platelet-derived growth factor (PDGF), transforming growth factor-a (TGF-a), and epithelial growth factor (EGF) to enhance DNA synthesis in a variety ofcell types (22, 23) . In some cells, such as A43 1 cells, a protein kinase C-dependent pathway is partially involved (24) , but in other cells (3T3, 3T6) prostaglandin E2 (PGE2) synthesis followed by elevation of cAMP levels is responsible for the mitogenic response of ATP (25) .
Changes in Cai levels mediate the cellular effects of hormones and growth factors (26) (27) (28) . A role for Cai in cell proliferation is suggested (29) by the observation that events during cell division such as formation of the mitotic apparatus (30) , transformation of spindle-associated proteins (31) , and the onset ofanaphase (32) are accompanied by changes in Cai. A role for Cai during differentiation of keratinocytes in culture is well established (33) (34) (35) . Extracellular calcium evokes a sustained increase ofintracellular calcium levels in keratinocytes (36) (37) (38) and induces their terminal differentiation. Calcium ionophores in the presence of adequate extracellular calcium rapidly raise Cai and induce terminal differentiation (38) . Therefore, ifATP were to alter the Cai in keratinocytes it could affect their rates of proliferation or differentiation.
In this study, we evaluated whether extracellular ATP alters Cai in keratinocytes, and whether this action is associated with a change in keratinocyte growth or differentiation. We found that extracellular ATP evoked a rapid and transient mobilization of calcium from intracellular sources in keratinocytes which paralleled a rise in inositol triphosphate (IP3) formation. This transient increase in Cai was associated with a substantial reduction in cornified envelope formation and a modest shortterm stimulation in DNA synthesis. These studies suggest that extracellular ATP released from platelets during skin wound-ing may stimulate reepithelialization by inhibiting the differentiation of keratinocytes mediated via changes in Cai.
Methods
Materials. Indo-l acetoxymethylester (Indo-l AM) and the intracellular calcium chelator bis-o-aminophenoxy)-NNN',N'-tetraacetic acid acetoxymethylester (BAPTA-AM) were purchased from Molecular Probes (Junction City, OR). lonomycin was purchased from Calbiochem Corp. (La Jolla, CA). Crystalline ATP sodium salt, propidium iodide, and all other chemicals were purchased from Sigma Chemical Co. (St. Louis, MO).
Cell culture. Second passage keratinocytes isolated from neonatal human foreskins were used in these studies. They were grown in serumfree keratinocyte growth medium (KGM) obtained from Clonetics Corp. (San Diego, CA) as described previously (34) . Briefly, keratinocytes were isolated from newborn human foreskins using 0.25% trypsin, and the primary cultures were grown to confluence in KGM containing 0.07 mM calcium before passaging them into KGM containing either 0.07 mM or 1.2 mM calcium. Cells were evaluated at confluence.
Measurement ofCai. Keratinocytes were dispersed using 0.1% trypsin/0.01% EDTA, and trypsin was neutralized with soybean trypsin inhibitor (Sigma Chemical Co., St. Louis, MO). After washing, the cells were suspended in 20 mM Hepes buffer pH 7.4 containing 120 mM sodium chloride, 5 mM potassium chloride, 1 mM magnesium chloride, 1 mg/ml pyruvate, 1 mg/ml glucose, and 0.03 mM calcium chloride (buffer A) at a cell concentration of 1-1.5 X 106 cells/ml. Indo-l AM was added to a final concentration of2 uM from a stock solution in DMSO and incubated at 35°C for 1 h. In experiments using BAPTA, 18 uM BAPTA-AM (final concentration) in DMSO was added 15 min after Indo-I addition. Cells were then washed three times with buffer A and resuspended in buffer A at the original cell concentration of 1-1.5 million cells per milliliter. Cells were washed and resuspended in fresh buffer A before each measurement, and all the measurements were completed within 2-2.5 h after Indo-l loading. Cells (39) . Additions of ATP, Mn, ionomycin, or other agents were done from concentrated solutions such that changes in volume were minimal with each addition. Typically, ATP was added from a stock solution of 10 mM in distilled water made fresh each day.
Cai measurements in attached cells. (42) . In this method, the cornified envelope precursor proteins were labelled with [35S] methionine by incubating cultures with [35S]-L methionine (2 MCi/ml medium) for 48 h. These precursors were cross-linked by the epidermal transglutaminase to form a detergent-insoluble, thickened envelope which surrounds the terminally differentiated keratinocytes. The rate offormation ofthe envelope in the 48-h period was then determined by dissolving the cells in 2% SDS/20 mM DTT by boiling for 10 min and quantitating the amount ofradioactivity present in the insoluble material. The amount of [35S]methionine incorporated into total cellular proteins was determined by quantitating the radioactivity in an aliquot ofthe cell homogenate precipitated with 10% TCA.
Statistical analysis for the effects ofATP was performed by analysis of variance using the appropriate programs in SYSTAT (Systat, Inc., Evanston, IL).
Results
Extracellular A TP raises Cai levels ofkeratinocytes. Stimulation of keratinocytes with 100 gM ATP elicited a rapid increase in Cai within seconds. The increase in Cai reached a peak value which is typically 2-2.5-fold higher than the basal Cai level within 10-15 s following addition of ATP. Thereafter, the Cai declined quickly to below basal level within 1-2 min before returning to the initial basal level (Fig. 1 A) . In the absence of extracellular calcium (1 mM EGTA), the resting Cai levels The additions were made as indicated at the arrows.
were slightly lower, but ATP evoked a similar response in Cai as in the presence of 1.2 mM Calcium (Fig. 1 B) . This indicates that this ATP-induced increase in Cai is from intracellular sources. When the intracellular calcium pools of keratinocytes were depleted by a calcium ionophore, ionomycin, in the presence of 1 mM EGTA, ATP failed to evoke a Cai response, confirming the intracellular source of calcium for ATP-mediated release (Fig. 1 C) . Repetitive additions of ATP to cells following 100 MM initial addition failed to raise Cai after the initial effect, although subsequent addition of ionomycin evoked a pronounced increase in Cai (Fig. 1 D) . However, exposure of cells to initial subsaturating levels of ATP (< 10 ,4M) permitted a second response to 100,uM ATP (data not shown).
A dose-response curve for ATP (Fig. 2) confirms that 30-100 ,uM ATP exerts maximal stimulation with half-maximal stimulation by 10 ,M ATP. This suggests the presence of purinergic receptors on the keratinocyte cell surface capable of being desensitized by ATP and with an approximate Kd of 10 MM. To test the specificity of these purinoreceptors, the cells were exposed first to 100 MM of different nucleotide analogues followed by 100 MM ATP, 5 min later (Table I) quenching of Indo-1 fluorescence (Fig. 3 B) . However, ionomycin evoked a rapid quenching of Indo-1 fluorescence by Mn (Fig. 3 C) . Addition of ATP or ionomycin following Mn addition gave similar results in that ATP did not alter the Mn quenching but ionomycin induced a rapid quenching of the Indo-1 fluorescence (Fig. 3, D (40, 44) . Extracellular ATP stimulates the formation ofIP3 and triggers increases in Cai levels in Ehrlich ascites tumor cells (45) , HL-60 cells (20) , and endothelial cells (46) . To determine if ATP stimulates IP3 turnover in keratinocytes, we labeled these cells with [3H]myo-inositol as described in Methods. Labeled keratinocytes were incubated with 100 ,M ATP for 15, 30 s, 1, 2, and 5, 10, 20, and 30 min, and the production of IP,, IP2, and 1P3 was measured. As shown in Fig. 4 , extracellular ATP stimulated inositol phosphate formation. IP, production was minimal in the first 2 min. By 10 min IP, levels increased to 2.5-3-fold higher than basal and remained elevated for up to 20 min (Fig. 4 A) . IP2 generation was stimulated as early as 30 s after ATP addition, and peaked by 10 min followed by a decline to basal levels by 30 min. IP3 generation was increased even at the earliest time period (15 s), was maximal as early as 30 s (1.5-2-fold above basal levels) (Fig. 4 B) and remained elevated for up to 2 min followed by a decline to basal levels by [ Fig. 5 , there was no increase in the entry of propidium iodide into keratinocytes with ATP up to millimolar concentrations. 0.05% Triton X-100 markedly increased the entry ofthe dye into cells as seen by an increase in fluorescence. These results and the Mn++ permeability studies (Fig. 3) labeled cells also confirmed the biochemical data on DNA synthesis in that ATP modestly stimulated DNA synthesis while FCS and BPE showed a greater extent of stimulation. These studies indicate that ATP transiently stimulates keratinocyte proliferation, while inhibiting their differentiation.
To determine whether ATP-induced DNA synthesis is me- (21) . The rapid response to the poorly hydrolyzable ATP analogues, AMP-PNP and ATP-,yS, rule out the requirement of ATP hydrolysis for the Cai response. The GTP and CTP responses which appear to be independent of P2 receptors may represent the GTP-mediated calcium exchange between agonist-independent and agonist-dependent pools within the cytosol (50) .
Although the exact mechanisms by which ATP exerts its biological effects (e.g., mitogenic response) on target cells are poorly understood, they might, at least in part, be regulated by changes in intracellular calcium. Keratinocytes are sensitive to changes in their Cai levels in that a sustained increase in Cai increases the terminal differentiation ofthese cells (33) (34) (35) . Extracellular calcium and calcium ionophores induce terminal differentiation of keratinocytes by a sustained increase in their Cai levels (38) . In contrast, ATP increases Cai of keratinocytes in an acute and transient fashion which is associated with a transient increase in DNA synthesis and a decrease in differentiation. The transient increase in Cai in association with activation of protein kinase C (24) or stimulation of prostaglandin synthesis (25) The physiological relevance ofthese observations may stem from the role ofATP in wound healing. During wounding, one ofthe first steps is the release ofthrombin, and aggregation and degranulation of platelets (5 1). Platelets, in addition to releasing PDGF and TGF-a (52, 53) , also release ATP and ADP from the alpha granules (22) . Both PDGF and TGF-a stimulate fibroblast proliferation and induce synthesis of new extracellular matrix (53) . ATP and ADP released by the platelets are mitogenic to both fibroblasts and keratinocytes and act in concert with other growth factors (22, 23) . In addition, ATP (and possibly other cytokines) inhibit keratinocyte differentiation immediately following wounding, thereby accelerating the wound healing process. The concentration of ATP reported at the site of platelet aggregation, ,uM (1) , is in the same range as that required by keratinocytes for induction of DNA synthesis, inhibition of differentiation, and stimulation of Cai and IP3. Therefore, it is attractive to postulate that extracellular ATP plays a role in wound healing by modulating keratinocyte growth and differentiation via changes in Cai and IP3.
